This work computationally investigates the electromechanical properties of hydrogen passivated silicon nanowires under uniaxial tensile strain. It has been observed that bandgap changes can be as large as 60 and 100 meV per 1% axial strain for ͓100͔ and ͓110͔ nanowires, respectively. This rate of change in the bandgap is independent of nanowire size and depends only on the growth direction. More importantly, the nature of the bandgap can reversibly change from indirect to direct as a function of strain. It is also observed that for larger diameter nanowires, the indirect-to-direct transition occurs at smaller compressive strain. 16 Motivated by the aforementioned studies, we have computationally investigated the electromechanical properties of SiNWs. 17 We start with H-terminated SiNWs and focus on the experimentally realized 1 ͓110͔ growth direction with three different diameters. The total energy of the nanowire structure is minimized by the Tersoff potential. 18 To get the atomic coordinates of a strained nanowire, a small uniform axial compression or expansion ͑␣ Ͻ 1%͒ is applied to the nanowire, followed by energy minimization. This task is performed under a constant unit cell volume constraint, 19 where the axial unit cell length is determined by the strain. However the atoms are free to move in all three directions because the radius of the unit cell is larger than the radius of the nanowire. This process is iterated until the desired percentage strain ͑␣͒ and final unit cell length P new = P 0 ͑1-␣͒ are obtained, where P 0 is the unit cell length of the optimized, unstrained nanowire. The resultant atomic coordinates are then used for bandstructure calculations. Figure 1͑a͒ shows the bandgap ͑E g ͒ versus strain for the smallest ͓110͔ SiNW in our study, which has an average diameter of 1.7 nm. The bandgap decreases linearly with increasing tensile strain ͑␣ Ͼ 0͒. The linear relationship E g ͑eV͒ = −0.1␣ + 1.7, fits the bandgap in the tensile strain region, where the slope is approximately 100 meV/%. In the compressive strain region, the bandgap increases from 0% to −1%, and after −1% it decreases with further increase in strain. More importantly, for a strain larger than −4%, the bandgap becomes indirect, i.e., a direct-to-indirect bandgap transition occurs at −4% strain ͓Fig. 1͑a͔͒. To understand this transition, the bandstructure is plotted at strains of +1% and −5% in Fig. 1͑b͒ . While the bandgap at these two values of strain are comparable, it is clearly seen that the conduction band labeled L ͑light͒ determines the bandgap at +1% strain while the conduction band labeled H ͑heavy͒ determines the bandgap at −5% strain. An important consequence of this direct-to-indirect bandgap transition is the different light absorption ͑with a wavelength equal to the bandgap͒ at −5% FIG. 1. ͑Color online͒ ͑a͒ Bandgap vs strain for ͓110͔ SiNW with a diameter of 1.7 nm. The bandgap changes linearly with tensile strain and direct-toindirect transition occurs at −4% strain. Inset shows the cross section of the nanowire where the light and dark atoms are H and Si respectively. ͑b͒ Blue ͑dark͒ and red ͑light͒ curves show that the bandstructure is indirect and direct at −5% and +1% strain.
This work computationally investigates the electromechanical properties of hydrogen passivated silicon nanowires under uniaxial tensile strain. It has been observed that bandgap changes can be as large as 60 and 100 meV per 1% axial strain for ͓100͔ and ͓110͔ nanowires, respectively. This rate of change in the bandgap is independent of nanowire size and depends only on the growth direction. More importantly, the nature of the bandgap can reversibly change from indirect to direct as a function of strain. It is also observed that for larger diameter nanowires, the indirect-to-direct transition occurs at smaller compressive strain. 16 Motivated by the aforementioned studies, we have computationally investigated the electromechanical properties of SiNWs. 17 We start with H-terminated SiNWs and focus on the experimentally realized 1 ͓110͔ growth direction with three different diameters. The total energy of the nanowire structure is minimized by the Tersoff potential. 18 To get the atomic coordinates of a strained nanowire, a small uniform axial compression or expansion ͑␣ Ͻ 1%͒ is applied to the nanowire, followed by energy minimization. This task is performed under a constant unit cell volume constraint, 19 where the axial unit cell length is determined by the strain. However the atoms are free to move in all three directions because the radius of the unit cell is larger than the radius of the nanowire. This process is iterated until the desired percentage strain ͑␣͒ and final unit cell length P new = P 0 ͑1-␣͒ are obtained, where P 0 is the unit cell length of the optimized, unstrained nanowire. Figure 1͑a͒ shows the bandgap ͑E g ͒ versus strain for the smallest ͓110͔ SiNW in our study, which has an average diameter of 1.7 nm. The bandgap decreases linearly with increasing tensile strain ͑␣ Ͼ 0͒. The linear relationship E g ͑eV͒ = −0.1␣ + 1.7, fits the bandgap in the tensile strain region, where the slope is approximately 100 meV/%. In the compressive strain region, the bandgap increases from 0% to −1%, and after −1% it decreases with further increase in strain. More importantly, for a strain larger than −4%, the bandgap becomes indirect, i.e., a direct-to-indirect bandgap transition occurs at −4% strain ͓Fig. 1͑a͔͒. To understand this transition, the bandstructure is plotted at strains of +1% and −5% in Fig. 1͑b͒ . While the bandgap at these two values of strain are comparable, it is clearly seen that the conduction band labeled L ͑light͒ determines the bandgap at +1% strain while the conduction band labeled H ͑heavy͒ determines the bandgap at −5% strain. An important consequence of this direct-to-indirect bandgap transition is the different light absorption ͑with a wavelength equal to the bandgap͒ at −5% and +1% strain or any two different strain points with equal bandgap values. At −5% strain, optical absorption should be weaker than at +1% strain, because only phonon assisted optical excitation can conserve momentum. In contrast, increased light absorption is expected to occur for the same optical frequency at +1% strain, where the bandgap is direct. The direct-to-indirect transition also exists in a ͓100͔ SiNW ͓Fig. 2͑a͔͒. This nanowire has a diameter of 2.2 nm and the direct-to-indirect transition occurs at a relatively small strain of −1%. The bandgap variation with strain in the tensile region fits the equation E g ͑eV͒ = −0.06␣ + 1.8. While the bandgap change with strain is smaller than that of the ͓110͔ nanowire, the direct-to-indirect transition with strain is preserved. The generality of bandgap change with strain is further established by comparing the ͓110͔ SiNWs with diameters of 1.7, 2.3, and 3.1 nm ͓Fig. 2͑b͔͒. The features of the electromechanical response remain consistent for all cases considered in Figs. 2͑a͒ and 2͑b͒ . For ␣ Ͼ 0, the rate of change of the bandgap with strain is comparable for all nanowires and the direct-to-indirect transition occurs in all three nanowires ͓Fig. 2͑b͔͒.
In comparing with the extensively studied carbon nanotubes ͑CNTs͒ case, 22, 23 we note that the slope of the bandgap with strain changes rapidly with both diameter and chirality in CNTs, 22 while it is independent of the orientation in the SiNWs considered here. Furthermore, the robust direct-toindirect transition does not occur in CNTs at the values of strain considered. Also, in comparison to strain engineered bulk heterostructures, the discussion of direct-to-indirect transition is reversible. 24 Experimental verification of our results may be possible by using techniques similar to those used to study the electromechanical properties of CNTs with similar diameters. 7, 23 The physical reason for the decrease in strain with increase in diameter, at which the direct-to-indirect bandgap transition occurs, is that the energy difference between the L and H bands ͑⌬E͒ decreases with increase in nanowire diameter. Quantitatively, this energy difference is 419, 231, and 146 meV for the ͓110͔ nanowire with diameters of 1.7, 2.3 and 3.1 nm ͓Fig. 1͑b͔͒. The conduction band minimum is determined by the L ͑H͒ band when the bandgap is direct ͑indirect͒. Increased compressive strain means a smaller energy difference between the minimum of the L and H bands. This difference becomes zero at the direct-to-indirect transition point and becomes negative after this point. Additionally, the movement of the L and H bands with strain causes an abrupt change in the conduction band electron effective FIG. 2. ͑Color online͒ ͑a͒ Bandgap vs strain for ͓100͔ SiNWs with a diameter of 2.2 nm ͑square ͒. While it shows the same features as Fig. 1͑a͒ , the direct-to-indirect transition occurs at a smaller strain of −1%. Circles ͑b͒ show the same data for the 2.6 nm diameter ͓100͔ SiNW. In this case the bandgap transition point shifts right and occurs at close to the 0% strain. ͑b͒ The square ͑͒, circle ͑b͒, and diamond ͑ࡗ͒ show bandgap vs strain for 3.1, 2.3 and 1.7 nm diameter ͓110͔ SiNWs respectively. The direct-toindirect transition ͑arrows͒ occurs at smaller compressive strains as diameter increases.
FIG. 3. ͑Color online͒ ͑a͒
The normalized electron effective mass vs strain for 1.7, 2.3, and 3.1 nm diameter ͓110͔ SiNWs. ͑b͒ Effective density of states ͑N c ͒ vs strain for the same nanowires as ͑a͒.
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Shiri et al. Appl. Phys. Lett. 93, 073114 ͑2008͒ mass ͓Fig. 3͑a͔͒. This occurs at the direct-to-indirect bandgap transition. This is due to the larger mass of the H band, which determines the lowest lying conduction band once the bandgap becomes indirect. The change in the mass of the L and H bands with strain is small ͓Fig. 3͑a͔͒. The strain dependent effective density of states in the conduction band ͑N c ͒ for the ͓110͔ SiNW is calculated from:
where m i ‫ء‬ is the effective mass of subband i. E i and E cmin are the bottom of subband i and the lowest conduction subband. kT and N are thermal energy ͑26 meV at T = 300 K͒ and the number of subbands in the 3kT window from E cmin . As shown in Fig. 3͑b͒ , the light conduction bands ͑at k =0͒ primarily contribute to N c in the tensile strain region. Hence, N c is smaller in the tensile strain region. The number of eigenstates in the 3kT energy window from E cmin increases with the nanowire diameter because the energy level separation associated with quantum confinement decreases. As a result, N c increases with diameter. The direct-to-indirect bandgap transition corresponds to a peak in N c because both the heavy ͑at k = 0, direct͒ and light ͑at k 0, indirect͒ conduction bands contribute to N c in the 3kT window from E cmin . At larger compressive strains, N c shows a dip, because at strains beyond the direct-to-indirect transition, the heavy ͑indirect͒ conduction bands determine N c and the light conduction bands make an insignificant contribution to N c . The large change in bandgap and density of states also manifests itself as more than three orders in magnitude change in conductance within the Ϯ2% strain range ͑Fig. 4͒.
In summary, we observed that the bandgap of SiNWs can vary by large amounts for a ͓110͔ SiNW. The sizeindependent change can be 100 meV for a 1% strain. We also report a strain induced direct-to-indirect transition in the bandgap, 17 for ͓110͔ and ͓100͔ SiNW with various diameters. This transition occurs at a strain of 1%-2% for the larger diameters investigated, and hence can be verified experimentally. Accompanying this bandgap transition is an abrupt change in the electron effective mass and density of states. Our results demonstrate that strain-engineered SiNWs are remarkable and point to promise for applications in highly sensitive optical and electromechanical sensors.
